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It appears then that the
combination of kinetic
proofreading and induced fit in
tRNA selection provides a suitable
balance between fidelity and rapid
elongation rates. If we take the
simplest case of kinetic
proofreading, where there are no
differences in forward rate
constants introduced by induced
fit — where k3 and k5 are
equivalent for both cognate and
near-cognate tRNAs — significant
discrimination between cognate
and near-cognate tRNAs will only
be observed when k3 and k5 are
very, very slow relative to k–2 and
k7. In other words, if tRNA
selection were an equilibrium
process where the full
discrimination potential was
extracted from the binding
energy, there would be no need
for other discriminatory
mechanisms. But such a slow
step in translation is apparently
not compatible with the overall
rapid rate of elongation.
The addition of induced fit to
the process of tRNA selection
boosts selectivity when the
reaction is constrained to be fast
by accelerating the rate of
passage of cognate species
relative to near-cognate ones.
Because forward rates are fast
relative to reverse ones, the
selectivity of each step is lower
than the theoretical maximum
allowed by intrinsic energetic
differences between cognate and
near-cognate tRNAs in the
complex. In this case, the
energetic cost of inducing
conformational changes has little
impact on cognate tRNA selection
but has substantial detrimental
effects on near-cognate tRNA
selection thus conferring
increased specificity. Effects on
forward rates that result from an
induced fit mechanism have been
shown to be a dominant
determinant of fidelity in tRNA
selection. A body of experimental
data supports this idea by
showing that miscoding increases
when the differences in GTPase
activation and accommodation
rates are decreased either by
introduction of a mutation in the
tRNA body or by addition of
antibiotics like paromomycin and
streptomycin.
We have discussed two general
mechanisms used to maintain the
high fidelity of protein synthesis
(as well as of DNA replication and
transcription). The first
mechanism is comprised of
editing and kinetic proofreading.
Although different in detail, both
strategies amplify the available
discrimination power, determined
by differences in free energy of
binding, by having more than one
selective step. Of these two
strategies, editing has an
advantage arising from the use of
two distinct sites that scrutinize
different properties of the
substrate. The second
mechanism, induced fit, depends
on substrate-specific
conformational changes that
result in selective modulation of
forward rate constants, permitting
high fidelity discrimination when
rapid rates are essential. Such
distinct solutions for different
enzymes ultimately result from the
evolutionary constraints imposed
by the diverse requirements for
fidelity, speed and efficiency on
each molecular problem.
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Captivity selects
for smaller eyes
Shengjiang Tan1,2, William Amos2
and Simon B. Laughlin2
Eye size is adapted to ecological
and behavioral conditions. Large
eyes provide hawks and
dragonflies with high spatial
resolution, and owls, nocturnal
bees and deep-sea fish with high
sensitivity [1–4]. Conversely, eyes
are reduced when the need for
vision diminishes, exemplified by
the subterranean naked mole rat
and cave-dwelling fish, crayfish
and crickets [5]. These adaptations
suggest that eye size responds to
selection but, as far as we know,
there are no reports of eye size
changing progressively over time
in response to changes in selection
pressure, possibly because slow
changes are difficult to detect. 
We have measured the size of
compound eyes in populations of
Drosophila melanogaster that
have been held in captivity for
different lengths of time. We
found that flies from older cultures
have smaller eyes. We conclude
that, because there is less need
for vision in captivity and eyes are
costly, there has been selection
for smaller eyes. Cultures appear
to have slowly adapted for 60
years, and this has important
implications for how wild-type
Drosophila are defined.
When wild Drosophila are
placed in culture their need for
vision to find food and mates is
reduced. We obtained flies from
stocks established with wild flies
0.5, 15, 20, 34, 48 and >64 years
ago to see if and how eye size
changes over time following a
reduction in the need for vision.
To control for founder effects and
historical variation in rearing
conditions, we examined three
further independent cultures aged
0.5, 20 and >64 years, giving nine
populations in all (Table 1).
We took at least 10 flies of each
sex from each culture and
measured their eye size, defined
as the square root of the product
of the maximum width and the
maximum height of the eye. Eye
size is negatively correlated with
time in captivity, and this trend is
stronger in males than in females
(Figure 1: males R2 = 0.51, df = 8,
p < 0.05; females R2 = 0.40, df = 8,
p = 0.07), giving an ~10%
reduction over 64 years. The
average body lengths of the
measured flies did not change
significantly with time in captivity
(male: R2 = 0.072, F = 0.54,
p = 0.48; female: R2 = 0.0002,
F = 0.0016, p = 0.97). So selection
is not acting on body size, but is
reducing the relative size of the
eye (Figure 1B). Relative eye size,
defined as eye size divided by
body length, decreases in males
from 0.1633 (SD = 0.0018) for the
0.5 year culture to 0.1490
(SD = 0.0014) for the >64 years
culture and in females from 0.1609
(SD = 0.0037) at 0.5 years to
0.1489 (SD = 0.0014) at >64 years
(male: R2 = 0.604, F = 9.045,
p < 0.05; female: R2 = 0.312,
F = 3.17, p = 0.118). We looked for
interactions between terms, for
example between eye size and
sex, by fitting a general linear
model, and found that only the
absolute and relative eye size of
male flies decreased according to
their age of captivity (E: t = –3.037,
df = 8, p < 0.05; RE: t = –2.402,
df = 8, p < 0.05). Female eye size
also declined but the effect was
not significant (E: t = –2.158,
df = 8, p = 0.068; RE: t = –1.78,
df = 8, p = 0.118).
To see how eyes might be
changing over time, we examined
the eyes of 12 males and 12
females in the most recent (0.5
year of captivity) and one of the
oldest cultures (>64 years of
captivity) with a scanning electron
microscope. The reduction in eye
size with time in culture is
associated with a reduction in the
number of facets per eye from
709.7 (SD = 12.10) to 687.5
(SD = 5.95) in males and 757.8
(SD = 10.50) to 729.9 (SD = 6.06)
in females. These differences are
statistically significant (male:
t = 1.834, df = 22, p < 0.05; female:
t = 2.035, df = 22, p < 0.05) and
are equivalent to the loss of 0.36
(±0.14) facets per year in males
and 0.44 (±0.13) facets per year in
females. There was no significant
difference between the diameters
of the facets in the old and new
cultures suggesting that, as
previously observed, selection
acts on cell number rather than
cell size [6,7]. The 3% reduction in
facet number obtained by
comparing a young culture with
an old one is smaller than the 10%
reduction in eye size obtained
using data from all nine cultures.
This discrepancy reflects scatter
in the data used to calculate the
regression (Figure 1), and does
not alter the fact that both
reductions are statistically
significant.
Our measurements indicate
that selection has progressively
reduced eye size over more than
1000 generations. The 3%
reduction in facet number should
reduce two major costs, eye
mass and photoreceptor energy
consumption, by 3% because
both are proportional to the
number of ommatidia. By
comparison, applying Land’s
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Figure 1. Selection for
smaller eye size in
laboratory fruit fly
populations.
Changes in (A) absolute
and (B) relative eye size
with time in captivity —
age of culture in years —
for laboratory popula-
tions of Drosophila
melanogaster. Error bars
indicate one standard
deviation. Males are
closed symbols and solid
trend lines, females are
open symbols and
dashed trend lines.
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Table 1. Wild-type fly stocks used in this study.
Stock Time in culture Origin Supplier
TW-G 2003 Portugal Department of Zoology, Cambridge
W-F 2003 Portugal Department of Zoology, Cambridge
W-Unman-70 1970 Antigua Department of Genetics, Cambridge
W-Antigua-89 1989 Antigua Department of Genetics, Cambridge
W-m56i 1956 USA Department of Genetics, Cambridge
Oregon-R (NIG) Before 1940 Nigeria Department of Genetics, Cambridge
Canton-S Before 1940 Israel Department of Genetics, Cambridge
W-18 1985 USA Department of Genetics, Cambridge
W-13 1985 Canada Department of Genetics, Cambridge
equation [8] to facet number
spatial resolution is reduced by
1.5%. Finally we note that
Drosophila is one of the most
important model organisms in
biological science. Our
observation that a complex trait,
eye size, evolves appreciably
over a relatively short time
suggests that care should be
taken when flies from long-term
cultures are used as wild-type
controls.
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Moving
observers,
relative retinal
motion and the
detection of
object movement
Simon K. Rushton and 
Paul A. Warren
Motion of the image of an object
across the retina (or a camera
sensor) may be due to movement
of the object, movement of the
observation point or a
combination of the two. Humans
are able to routinely distinguish
between these causes and
correctly perceive whether an
object of interest is in motion or
scene-stationary. The important
question is how this ubiquitous
and difficult problem is solved.
We have investigated whether the
brain can resolve the ambiguity
by comparing the retinal motion
of the object of interest — the
target — to that of scene objects.
We find that relative retinal
motion can indeed be used, and
suggest that the processing may
be done by cortical areas
sensitive to optic flow [1,2].
Moving the scene relative to a
stationary observer — rather than
the observer within the scene —
provides a way to focus on the
role of relative retinal motion by
excluding the contribution of
other sources of movement
information. Some particularly
ingenious researchers have found
ways to move physical rooms or
their ‘virtual’ equivalents [3–5]
around static observers. In this
study, we employed an
alternative, simpler solution and
moved a virtual scene composed
of an array of cubes (Figure 1,
right panel), presented on a CRT
to a stationary observer. The
Figure 1. The experimental set up.
Left panel: plan view of the observer and simulated movement through the scene (two
instances in time illustrated); a binocular viewpoint, indicated by schematic head,
moves laterally while counter-rotating to keep pointing at the centre of the volume. Note
that in the experiment, observer movement is simulated – the head remains physically
stationary. The target sphere — indicated by filled circle and shown at distance F1, F2
and N — also remains directly ahead of the observer in the rendered scene and also on
the CRT. The target sphere has movement relative to the scene only. Right panel: view
of the scene from the left eye-point of the observer (two frames from movement
illustrated in left panel). Arrows indicate the motion direction of scene objects (24 cubes
randomly placed within a volume of 26 x 26 x 50 cm). Simulated speed of self-
movement was 4.5 or 6.75 cm sec–1 laterally with a counter-rotation to keep the centre
(1.05 m from the observer) of the array of objects fixated. The stereo animation was
presented on a CRT in a pitch-black room and viewed through shutter glasses. Each
observer viewed 80 trials per distance (–0.2, –0.125 or 0.2 m relative to the centre of the
array). In the natural environment there are multiple cues to depth order, in this
experiment binocular disparity is the only reliable cue. Stereo deficits are common [7]
so we would expect some observers to be unable to perform this particular task.
Therefore, for inclusion we required that, in a parallel experiment with the probe at a
fixed disparity-defined distance, an observer showed a strong (r2 > 0.6) negative
correlation between relative speed and response time.
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